Soil temperature and matric potential influence the physiological activity of soil microorganisms. Changes in precipitation and temperature can alter microbial activity in soil, rates of organic matter decomposition, and ecosystem C storage. Our objective was to determine the combined influence of soil temperature and matric potential on the kinetics of microbial respiration and net N mineralization. To accomplish this, we collected surface soil (0-10 cm) from two northern hardwood forests in Michigan and incubated samples at a range of temperatures (5,10, and 25°C) and matric potentials (-0.01, -0.15, -0.30, -0.90 and -1.85 MPa) that encompass field conditions. Soils were maintained at each temperature-matric potential combination over a 16-wk laboratory incubation, during which we periodically measured the production of CO, and inorganic N. First-order kinetic models described the accumulation of CO ; and inorganic N and accounted for 96 to 99% of the variation in these processes. First-order rate constants (k) for net N mineralization significantly increased with temperature, but the k for microbial respiration did not increase in a consistent manner; it was 0.107 wk~' at 5°C, 0.123 wk ' at 10°C, and 0.101 \vk ' at 25°C. Matric potential did not significantly influence k for either process. Substrate pools for microbial respiration and net N mineralization declined between -0.01 and -0.30 MPa, and the decline was greatest at the highest soil temperature; this response produced a significant temperature-matric potential interaction. We conclude that high rates of microbial activity at warm soil temperatures (e.g., 25°C) are limited by the diffusion of substrate to metabolic-ally active cells. This limitation apparently lessens as physiological activity and substrate demand decline at relatively cooler soil temperature ., 5°C).
P
REDICTING THE EXTENT to which climate change might alter ecosystem C balance and rates of organic matter decomposition is, in part, contingent on a better understanding of the physiological response of soil microorganisms to altered temperature and precipitation regimes. On a global basis, soil organic matter contains twice as much C as the earth's atmosphere (Schlesinger, 1977; Post et al., 1982; Jenkinson et al, 1991) , and the release of CO 2 from this globally important pool is mediated by the physiological activities of soil microorganisms. Organic substrates entering the soil serve as a source of energy for heterotrophic biosynthesis, during which microbial respiration returns a portion of substrate C to the atmosphere as CO 2 . Some have hypothesized that warmer global temperatures will enhance microbial activity, rates of organic matter decomposition, and hence, the global flux of CO 2 from soil (Jenkinson et al., 1991; Thornley et al., 1991; Schimel et al., 1994; Kirschbaum, 1995 Published in Soil Sci. Soc. Am. J. 63:575-584 (1999) . creased rates of decomposition have the potential to transform some terrestrial ecosystems into net sources of CO 2 , especially arctic tundra and boreal forests, where large amounts of C reside in soil (Oechel et al., 1993; Goulden et al., 1998) . However, such a response would be dampened if warmer temperatures were accompanied by drier soil conditions (i.e., more negative matric potentials).
Microbial metabolism in soil is controlled by substrate availability and by soil temperature and soil matric potential. The mineralization of soil organic matter (C or N) conforms to first-order kinetics and rates can be estimated with knowledge of the substrate pool size and the response of the first-order rate constant (k) to soil temperature (Goncalves and Carlyle, 1994) . The temperature dependency of this process is often described as an increase in the first-order rate constant, whereas the substrate pool metabolized is assumed to be unaffected by temperature (Stanford et al., 1973; Campbell et al., 1984) . However, the temperature dependence of microbial respiration and net N mineralization appears to involve the access to or metabolism of larger substrate pools as soil temperature increases (Ellert and Bettany, 1992; MacDonald et al., 1995; Zogg et al., 1997) . One mechanism to explain this observation is a shift in microbial community composition, such that communities at higher temperatures have the ability to access or metabolize substrates that are not used by members of the microbial community at lower temperatures. Using PLFA analysis to characterize microbial communities (Tunlid and White, 1992) , Zogg et al. (1997) incubated soil over a range of temperatures (5,15, and 25°C) and observed increases in the abundance of Gram-positive bacterial PLFAs and declines in the abundance of Gram-negative bacterial and fungal PLFAs, a change in microbial community composition that paralleled a temperature-dependent increase in the amount of C (i.e., increase in substrate pool size) respired by soil microorganisms. If such a response occurs under field conditions, then understanding changes in substrate use by microbial communities in response to changes in temperature or other environmental factors is important for predicting in situ rates of microbial activity (e.g., respiration and net N mineralization).
Soil-matric potential influences microbial activity by modifying substrate availability. Consequently, matric potential alters rates of organic matter mineralization at warmer temperatures, especially if warmer soil temperatures are accompanied by more negative matric potentials. Rates of microbial processes are generally most rapid near field capacity (-0.01 MPa), and they linearly decline-as soil matric potential becomes more negative (Linn and Bojanf4984^Pa«l-amJ Clark, 1996) . This decline in microbial activity has been attributed to the decreased diffusion of soluble substrates to microbial cells (Griffin, 1981a) , reduced microbial mobility that limits access to substrates (Griffin, 1981b; Killttam et al., 1993) , the lowering of intraeellular water potential, which alters enzyme conformation and inhibits activity (Skujins and McLaren, 1967; Csonka, 1989;  Brown, 1990), or a combination of these mechanisms (Stark and Firestone, 1995) .
•Therefore, it is likely that declines in soil matric potential below field capacity (-0.01 MPa) will modify the temperature-dependent increase in substrate pools we have observed for microbial respiration and net N mineralization (sensu MacDonald et al., 1995; Zogg et al., 1997) . Although a great deal is understood about the influence of temperature and matric potential on microbial activity, we are unaware of any previous study that'has explicitly determined how these, environmental factors, in combination, influence the first-order kinetic parameters for microbial respiration and net N mineralization. The primary objective of the present study was to determine how matrie potential modifies the influence of soil temperature on substrate pools and first-order rate constants for microbial respiration and net N mineralization. To accomplish our objective, we estimated the kinetic parameters for microbial respiration and net N mineralization for a range of field temperatures and matric potentials in two Lake States Spodosols.
MATERIALS AND METHODS Study Sites
To determine the influence of soil temperature and. water potential on trie kinetics-of mierobial respiration and net N (Zak and Pregitzer, 1990; MacDonald et al., 1991; Pregitzer et al., 1992; Zogg et al., 1996) . During the 1987 field season, we located three 30-by 30-m plots in each northern hardwood site. In each plot, we used an OmniData III datalogger (Dataloggers, Inc., Logan, UT) to record soil temperature and matric potential at a depth of 15 cm. Measurements were collected at 5-min intervals and automatically averaged for a 3-h period. Seasonal patterns of mean daily soil temperature and matric potential (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) within each northern hardwood stand are illustrated in Fig. 2 and 3. These data were used to establish the range of soil temperature and matric potential for which we studied the kinetics of microbial respiration and net N mineralization.
Microbial Respiration and Net Nitrogen Mineralization
In November 1996, we randomly collected 16 surface soil cores within each 30-by 30-m plot. At each sample point, we removed the Oi and Oe horizons by hand and collected mineral soil (A and E horizon) to a depth of 10 cm using a 5.4-cm-diam. core. The 16 cores from each plot were composited in the field, stored on ice, and brought to our laboratory within 24 h of field collection. The field-moist samples were homogenized by hand and air dried at room temperature until they attained a constant mass. Exactly 1 kg'of air-dried soil from each plot (three per stand) was composited and homogenized on a stand basis. We used the air-dried, composite samples for all laboratory analyses.
We incubated soil subsamples (14 g dry wt.) from each forest stand under factorial combinations of temperature (5, 10 and 25°C) and matric potential and measured microbial respiration and net N mineralization (sensu Zak et al., 1993) . Prior to the start of our experiment, we used a ceramic-membrane pressure extractor (Soil Moisture Corp., Santa Barbara, CA) to determine the volumetric H 2 O content (6) of each composite sample at matric potentials of -0.01, -0.15, -0.30, -0.90 and -1.85 MPa (Table 2 ). We then used deionized H 2 O to gravimetrically adjust 60 samples from each site to each of the desired matric potentials. Deionized H 2 O was added by misting the soil surface with a hand-held sprayer; soil was initially mixed to insure that H 2 O was evenly distributed throughout. After the addition of deionized water, subsamples were sealed within 976-mL Mason jars fitted with rubber septa for gas sampling; we used a pressure transducer to ensure each was sealed airtight. Samples were then placed in laboratory incubators maintained at either 5,10, or 25°C. At 2-wk intervals, we gravimetrically adjusted the matric potential of each subsample by adding deionized H 2 O in the aforementioned manner; however, we did not mix the soil after the incubation began. Opening the incubations to add deionized H 2 O also allowed us to replenished any O 2 that had been consumed during the prior incubation period. Over the entire experiment, gravimetric soil water contents varied less than 0.1% at each matric potential.
A total of 20 subsamples from each site were incubated at each of the 15 temperature-matric potential treatment combinations (i.e., 600 samples). This allowed us to harvest two replicate subsamples of each treatment combination and site on 10 sampling dates during a 16-wk laboratory incubation. Subsamples harvested on each sampling date were used to determine net N mineralization. To estimate microbial respiration, we measured the CO 2 concentration of headspace gas for the subsamples incubated for the entire 16-wk period (i.e., harvested after 16 wks of incubation). We chose to measure net N mineralization using a sequential harvest, because repeatedly extracting a single subsample would not allow us to maintain a constant matric potential during the incubation. We harvested and extracted 60 subsamples (15 treatment combinations X 2 sites X 2 replicates) at the start of our experiment, after Weeks 1 and 2, and at 2-wk intervals thereafter (i.e., 10 sampling dates) to measure net N mineralization. Ammonium-N and NO^-N were extracted using 28 mL of 2 mol L" 1 KC1. Each sample was shaken for 30 min on an orbital shaker and then passed through a glass fiber filter (Gelman GF-A, Gelman Corp., Ann Arbor, MI). The filtrate was colorimetrically analyzed for NH^-N and NO 3~-N using an Alpkem RFA Rapid Flow Analyzer (Alpkem Corp., Clackamas, OR). Net N mineralization was calculated as the increase in NH/-N + NO 3~-N for the incubation period.
At Weeks 1, 2, and at 2-wk intervals thereafter, we measured the CO 2 concentration of headspace gas in the set of samples incubated for the entire 16 wks; i.e., those destructively harvested at wk 16. Samples of headspace gas (400 jxL) were analyzed for CO 2 using a Tracer 540 gas chromatograph (Tracor Instruments, Austin, TX) equipped with a Porapak Q column (Millipore Corp., Milford, MA) and a thermal conductivity detector. The column was maintained at 55°C during the analysis and He (25 mL min" 1 ) was used as a carrier gas. Carbon dioxide (CO 2 -C) and inorganic N production were expressed on a mass basis (mg kg" 
Statistical Analyses
We constructed product accumulation curves for microbial respiration by summing the amount of CO 2 -C produced in the 16-wk incubation. Product accumulation curves for inorganic N were constructed by averaging the amount of Nttf-N + NOj-N in replicate samples harvested on each sampling date (i.e., two from each site-temperature-matric potential treatment combination). Using nonlinear least squares regression, we fit a first-order rate equation to each product accumulation curve:
where, Y is the cumulative CO 2 -C or inorganic N (mg C or N kg" 1 ) produced at time t, A 0 is an estimate of the substrate pool present at the start of the experiment (mg C or N kg"" 1 ), and k is the first-order rate constant (wk" 1 ). We compared estimates of A 0 and k using an ANOVA for a nested design with two factorial treatments. In our analysis, temperature (n = 3) and matric potential (n = 5) treatments are crossed, and these treatment combinations were nested within sites (n = 2). Main effect and interaction means were compared using a Fisher's protected least significant difference procedure. We also explored the relationship between kinetic parameters and 6 using linear regression; significance for all statistical analyses was accepted at a = 0.05.
RESULTS

Microbial Respiration
The first-order model was highly significant and accounted for 98 to 99% of the variation in CO 2 -C accumulation during the 16-wk incubation. In Fig. 4 , we illustrate the response of microbial respiration to the soil temperature and matric potential using the derived first-order kinetic parameters. Substrate pool estimates for microbial respiration (i.e., respired C) were significantly influenced by a temperature-matric potential interaction, wherein a decline in matric potential from -0.01 to -0.30 MPa resulted in a significant and substantially larger decrease in respired C at 25°C than at either of the lower temperatures ( Fig. 5A ; Table 3 ). There was a significant linear relationship between respired C pools and mean 9 at 25°C (r 2 -0.90); this relationship was significant but weaker at 10°C (r 2 = 0.66); and it was not significant at 5°C. Table 3 ) of kinetic parameters for each temperature-matric potential treatment combination were used to generate the production of respired C.
Temperature and matric potential were significant main effects in the ANOVA model and substantially influenced the amount of C respired during the 16-wk incubation. However, temperature had a relatively greater influence on respired C pools than did soil matric potential. The mean pool of C respired at 25°C (1987 ± 30.5 mg C kg" 1 ; mean ± SE) was significantly greater than pools respired at 10°C (966 ± 70.3 mg C kg" 1 ) or at 5°C (638 ± 100.9 mg C kg' 1 ), indicating a temperaturedependent increase in pool size. The mean respired C pool at -0.01 MPa was 1582 ± 266.6 mg C kg" 1 , and it was significantly greater than the mean pool size at the other matric potentials (range: 1199 mg C kg" 1 at -0.15 MPa to 1086 mg C kg' 1 at -1.85 MPa). Averaged across temperature-matric potential treatment combinations, the mean pool of respired C at Site D (1305 ± 132.1 mg C kg" 1 ) was significantly greater than that at Site A (1089 ± 106.8 mg C kg' 1 ), a pattern that paralleled differences in soil organic C content (Table 1) . Site did not significantly interact with either temperature or matric potential. Rates constants for microbial respiration (/c resp ) were not significantly influenced by matric potential, but they did differ significantly among temperature treatments (Table 3) . Although the influence of temperature was significant, fc resp did not increase in a consistent manner with temperature. For example, mean k resp at 5°C was 0.107 wlc' 1 ; this value increased to 0.123 wk" 1 at 10°C and then declined to 0.101 wk" 1 at 25°C. We also observed a significant difference in /c resp between the two sites, but these differences were relatively small. For example, the mean k KSf was 0.120 ± 0.0063 wk" 1 in Site D soil and 0.103 ± 0.0059 wk" 1 in Site A soil. The turnover times (l/k KSp ) derived from these values ranged from 9 to 10 wk. Despite significant differences in k TKp among these forest soils, the narrow range of values and short turnover times indicate that substrates for microbial respiration were similar and relatively labile. The site X temperature and site X matric potential interactions were not significant, nor was the three-way interaction among these variables.
Net Nitrogen Mineralization
Net N mineralization could also be well described by the first-order kinetic model, which accounted for 96 to 99% of the variation in inorganic N accumulation over the 16-wk incubation. The response of net N mineralization to our temperature-matric potential combinations is depicted in Fig. 6 , which was constructed using the 580 SOIL SCI. SOC. AM. J., VOL. 63, MAY-JUNE 1999 derived first-order kinetic parameters. There was a significant interaction of temperature and matric potential on mineralized N pools, arising from a decline in mineralized N between -0.01 and -0.15 MPA at 5°C and an increase in mineralized N between these same matric potentials at 10°C ( Fig. 6 ; Table 3 ). Although this interaction was significant, mineralized N pools estimated by the first-order equation did not respond to temperature and matric potential in a predictable manner. Much of this variability undoubtedly results from our sequential harvest of samples to construct product accumulation curves, which probably influenced the estimation of first-order kinetic parameters. To reduce this variability, we compared the amount of N mineralized after 2 wk of incubation and found a significant temperature-matric potential interaction that was similar to that relationship for respired C (Fig. 5B) . Mineralized N responded to matric potential to a lesser degree than respired C pools did (compare Fig.  4 and 6) . At each incubation temperature, mineralized N pools changed very little at matric potentials more negative than -0.30 MPa (Table 3 ). The main effect of matric potential (averaged across temperature and site) on mineralized N was not significant, but mineralized N declined from 429 mg N kg' 1 at -0.01 MPa to 412 mg N kg" 1 at -0.30 MPa and then changed little between -0.30 and -1.85 MPa. However, the mean mineralized N pool differed significantly among incubation temperatures. Mineralized N was 303 ± 18.7 mg N kg" Table 3 ) kinetic parameters for each temperature-matric potential treatment combination were used to generate the production of mineralized N.
at 5°C, 384 ± 18.8 mg N kg" 1 at 15°C, and 524 ± 61.3 mg N kg" 1 at 25°C (LSD = 33.1 mg N kg" 1 ). The mean mineralized N pool was 479 ± 26.1 mg N kg" 1 in Site D soil, and it was significantly greater than the mean at Site A (329 ± 15.1 mg N kg" 1 ) where soil C content was lower (Table 1 ). The interaction of site with either temperature or matric potential was not significant.
First-order rate constants for net N mineralization (fcmin) were significantly influenced by the interaction of temperature and matric potential (Table 3) . Between matric potentials of -0.01 and -0.15 MPa, & min declined from 0.138 wk" 1 to 0.089 wk" 1 at 15°C and increased from 0.041 wk" 1 to 0.075 wk -1 at 5°C (Table 3 ); these differences were significant. At each soil temperature, matric potential did not have significant influence on k m[n at values more negative than -0.3 MPa (Table 3) . Rate constants for net N mineralization were not significantly influenced by matric potential (main effect), but they did differ significantly among incubation tempera-tures. Rate constants increased consistently with increasing temperature from 0.079 ± 0.006 wk~' at 5°C, 0.102 ± 0.007 wk' 1 at 10°C, to 0.126 ± 0.008 wk~' at 25°C. Consequently, turnover of mineralized N pools (Ilk) ranged from 12.6 wk at 5°C to 7.9 wk at 25°C, a relatively narrow range of values. Rate constants for net N mineralization did not significantly differ among sites, suggesting that substrate chemistry was similar among these floristically similar northern hardwood forests. We also observed no interactions among site and temperature or matric potential.
DISCUSSION
The physiological response of soil microorganisms to soil temperature and matric potential will mediate the extent to which climatic change alters the flux of CO 2 and inorganic N from soil organic matter. Although many studies have focused on how warmer soil temperatures will alter the decomposition of soil organic matter, few have experimentally derived the relationship between soil temperature, matric potential, and the kinetic parameters for microbial respiration and net N mineralization. Further study of this relationship is important, because many models of soil organic matter decomposition are based on the assumption of a temperaturedependent first-order rate constant(s) and temperature independent substrate pool(s) (Parton et al., 1987; Jenkinson, 1990 ). We previously reported that substrate pools for microbial respiration and net N mineralization that were estimated by the first-order equation were larger at warmer soil temperatures, but such a response does not support the aforementioned assumption of temperature dependence (MacDonald et al., 1995; Zogg et al., 1997) . Because soil matric potential can limit substrate availability for microbial metabolism (Griffin, 1981a (Griffin, , 1981b , we reasoned matric potential could modify the kinetics of microbial respiration and net N mineralization. In our experiment respired C and mineralized N pools declined as matric potential decreased from -0.01 MPa to -0.30 MPa, and this reduction was greatest at the warmest soil temperature (i.e., 25°C). It appears that high rates of microbial activity at relatively warm soil temperatures are limited by the diffusion of substrate to metabolically active cells and that this limitation lessens as physiological activity and substrate demand decline at relatively cooler soil temperatures (i.e., 5°C).
In the northern hardwood forests that we studied, soil temperature and matric potential exhibit marked seasonal variation (Fig. 2 and 3) , which our laboratory treatments were designed to encompass. Over this range of soil temperatures and matric potentials, we found that soil temperature had a greater influence on microbial activity than matric potential. For example, mean respired C increased 300% from 5 to 25°C, but it increased only 40% from -1.85 to -0.01 MPa. Similarly, we observed a 70% increase in mineralized N pools from 5 to 25°C and a 10% increase from -1.85 to -0.01 MPa. Temperature also significantly increased fc rain for net N mineralization, although /c resp did not consistently increase with temperature. In contrast, soil matric potential had no effect on k for either microbial respiration or net N mineralization. Although temperature and matric potential differed in their influence, they should not be considered independently when describing microbial activity in soil (sensu Cassman and Munns, 1980) .
The interaction between soil temperature and matric potential is likely important in controlling the flux of CO 2 from soil organic matter under field conditions. Support for this contention comes from interpreting our laboratory incubation study in the context of field soil temperature and matric potentials. We observed that the greatest change in respired C pools occurred between -0.01 and -0.30 MPa, and the greatest degree of change was at the warmest soil temperature (25°C). Between -0.30 and -1.85 MPa, we observed very little change in respired C pools at each respective temperature (see Fig. 5A ). Throughout our 8-year climate record, daily soil matric potentials more negative than -0.30 MPa occurred an average of 10 d yr" 1 at Site A and 18 d yr' 1 at Site D. Thus, over most of the year, in situ matric potentials lie within the range over for which we observed the greatest effects on respired C pools. Moreover, fluctuations in matric potential between -0.01 to -0.30 MPa should be most important during mid-summer when soil temperatures commonly vary from 15 to 25°C (Fig. 2) , the range of temperature for which soil matric potential exerted the greatest influence on microbial respiration.
The relative contribution of plant roots and soil microorganisms to the flux of CO 2 from soil can change as a function of soil matric potential, especially during mid-summer when soil temperatures are relatively warm and drying conditions occur. Recently, Burton et al. (1998) studied the influence of soil matric potential on fine root respiration in sugar maple-dominated northern hardwood forests, including the same sites used in the present study. They found a significant linear decline (2.2-fold at 25°C) in fine root respiration between -0.01 and -0.50 MPa, which differs from the range of response we observed for microbial respiration. We found that the pool of C respired by soil microorganisms decreased significantly from -0.01 to -0.30 MPa, but it changed little at more negative matric potentials. Thus, as soil dries during summer, fluctuations in soil matric potential between -0.30 and -0.50 MPa can alter the relative contribution of fine roots and soil microorganisms to the flux of CO 2 from soil. For example, microbial respiration would change little as matric potential declined from -0.30 to -0.50 MPa, but fine root respiration would continue to decline. The extent of such an effect on soil respiration cannot be understood from our present results. Given the infrequent periods during which matric potential drops below -0.30 MPa in our study sites, such a response is not likely to significantly influence the annual flux of CO 2 from soil. Nonetheless, this may be important in other ecosystems in which soils experience more frequent drying conditions.
Although we did not observe a consistent pattern in mineralized N pools across our temperature-matric potential treatments, we did observe a significant inter-582 SOIL SCI. SOC. AM. J., VOL. 63, MAY-JUNE 1999 action of temperature and matric potential on the amount N mineralized over the first 2 wk of incubation. We chose to evaluate our data in this manner to reduce variability associated with our sequential harvest and to compare our results with others in the literature. Declines in net N mineralization between -0.01 and -0.30 MPa were greatest at 25°C and progressively lessened at the lower soil temperatures (Fig. 5B) . Cassman and Munns (1980) observed a similar decline in net N mineralization (|j,g N g~' 14 d" 1 ) between -0.01 and -0.20 MPa and very little change as matric potentials dropped below -0.20 MPa. They also observed a significant interaction between soil temperature and matric potential in which the decline in net N mineralization rate from -0.01 to -0.20 MPa was greatest at the warmest soil temperatures (30°C). Our results and those of Cassman and Munns (1980) demonstrate an interactive effect of temperature and matric potential on microbial activity, but others have found very little evidence for an interactive effect (Greaves and Carter, 1920; Robinson, 1957; Miller and Johnson, 1964; Reichman et al., 1966; Stanford and Epstein, 1974; Kladivko and Keeney, 1987) .
There are theoretical reasons why one might expect temperature and matric potential to influence microbial respiration and net N mineralization in a multiplicative manner, thus producing a statistically significant interaction. Diffusion controls the flow of organic substrates to microbial cells and the flow of extracellular enzymes to insoluble substrates, the rates of which are influenced by soil temperature and matric potential (Hillel, 1980 water content (6) of soil, tortuosity (£) of flow in soil, and the concentration gradient (dc/dx) of the diffusing ion (Hillel, 1980) . In Eq. [2], £ is defined as the ratio of the straight-line path for diffusion and the actual roundabout path taken by an ion in soil; as such, £; declines as the path for diffusion lengthens (i.e., actual tortuosity increases). In turn, £ is a function of soil water content, because the film of water surrounding soil particles becomes thinner as 0 declines; thus, the path length for diffusion increases and the value of £j becomes smaller (as matric potential becomes more negative). Temperature influences / D because D 0 increases linearly with absolute temperature (Weast, 1978) . As such, / D should exhibit a exponential decline with 6, the rate of which will increase with temperature (i.e., more rapid decline at warmer temperatures). This is similar to the pattern we observed for respired C pools and net N mineralization rates (Fig. 5A and 5B). Given the components of Eq.
[2] and their mathematical relationship, temperature and soil matric potential influence diffusion in a multiplicative manner and, thus, have the potential to similarly influence substrate availability.
Although changes in diffusion may offer a physical explanation for the significant temperature-matric potential interaction we observed, patterns of microbial activity among our temperature-matric potential treatments cannot be fully explained by this process. Clearly, temperature influences physiological activity and, consequently, the demand for substrate. It appears that microbial activity is limited by diffusion at warmer soil temperatures where high rates of physiological activity create a large demand for substrate. Substrate diffusion is likely to be less limiting at lower temperatures (e.g., 5°C) due to reduced physiological activity and low substrate demand. Thus, matric potential, through its influence on substrate diffusion, can become an increasingly important constraint on microbial activity as soil temperatures increase from 5 to 25°C. This response would thus be influenced by both the physical movement of substrate to microbial cells and their physiological demand for substrate. Stark and Firestone (1995) observed that substrate diffusion limited rates of nitrification between -0.01 and -0.60 MPa in a xeric oak woodlandannual grassland soil incubated at 23°C, a somewhat broader range of influence than we observed in our mesic sandy soils. Theoretically, diffusion can influence the rate at which substrate moves to metabolically active microbial cells. However, it is unlikely that diffusion controls substrate pool size, unless discontinuities in the film of water surrounding soil particles isolate substrates and prevent them from diffusing to metabolically active soil microorganisms. Thus, one would expect diffusion to largely alter k but have a minor influence of substrate pool size. This expectation is not consistent with our data, in which we observe a significant decline in substrate pool size as matric potentials dropped from -0.01 to -0.30 MPa.
Two mechanisms can account for changes in substrate pools with decreasing matric potential. First, as matric potential declines, the concentration of ions in soil solution increases, which causes soil microorganisms to accumulate ions within their cells to maintain an osmotic balance (Csonka, 1989) . High intracellular ion concentrations can alter enzyme conformation and reduce activity (Skujins and McLaren, 1967; Csonka, 1989) . Stark and Firestone (1995) found such an effect at matric potentials more negative than -0.60 MPa. If enzyme activity were reduced by osmotic regulation in our experiment, then changes in enzyme activity could potentially alter substrate use. Alternatively, different groups of soil microorganisms may be active under different matric potentials. For example, soil bacteria and fungi differ widely in their ability to withstand water stress. Fungi are able to remain metabolically active at water potentials that inhibit bacterial metabolism (Paul and Clark, 1996) . If our matric potential treatments altered the activity of different microbial groups, then changes in fungal and bacterial metabolism could have given rise to the use of different substrate pools as matric potential declined from -0.01 to -0.30 MPa. Our experiment was not designed to address these alternatives and further experimentation would be needed to determine their importance.
In summary, soil temperature and matric potential were both important in modifying the kinetics of microbial respiration and net N mineralization. Rate constants for these processes changed with soil temperature, but were not influenced by matric potential. In contrast, soil temperature and matric potential interacted in a significant manner to influence substrate pools for microbial respiration and net N mineralization. From this analysis, we conclude that high rates of microbial activity at relatively warm soil temperatures (i.e., 25°C) are limited by the diffusion of substrate to metabolically active cells. This limitation apparently lessens as physiological activity and substrate demand decline at lower soil temperatures (e.g., at 5°C). Because our laboratory treatments encompass field temperatures and matric potentials, it is likely that the kinetic responses we observed would also occur in the nature. We conclude that soil temperature and matric potential interact to influence substrate diffusion and physiological activity under field conditions. Simple assumptions of a single pool of labile substrate and a temperature-dependent first-order rate constant appear to be unfounded.
